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Abstract 
To enable a concentration control in the acidic texturing process we have closed the feedback loop from analytical 
data to the dosing mechanism of the used process tool. In order to analyze the process bath we used near-infrared 
spectroscopy in an online setup as well as ion chromatography as an inline method in a second approach. Using the 
developed dosing algorithm allows a concentration optimization of HF and HNO3 in dependence of the Si 
concentrations. This allows a further optimization of the acidic texturing process and leads to more homogeneous 
process results. 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
Acidic texturing processes based on hydrofluoric acid (HF) and nitric acid (HNO3) solutions are 
commonly used to improve the optical properties of multicrystalline silicon solar cells [1,2]. HF and 
HNO3 are consumed during the texturing process while hexafluorosilicic acid (H2SiF6) accumulates as a 
reaction product in the texturing solution. Beside HF and HNO3, H2SiF6 has an impact on the surface 
texture properties [3]. The optimal concentrations of HF and HNO3 in the texturing solution therefore 
depend on the actual amount of silicon present in the process bath. For the chemical analysis of acidic 
texturing baths, several methods like titration [4,5], ion chromatography (IC) [6] and near-infrared 
spectroscopy [7] have been introduced. As it is shown in Table 1, the RSD values for all of the three 
measurement devices are comparable. Even if the NIRS shows the highest RSD and a high effort 
concerning calibration development, the effects can be compensated by a very fast measurement velocity 
of about 30 seconds per datapoint. An advantage of IC is the possibility to extend the method to other 
chemicals of interest e.g. acetic acid, nitrite or other anorganic acids [8]. 
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Table 1. Relative standard deviations (RSD) for the measurement of HF/HNO3/H2SiF6 solutions with different devices. 
 
Device RSD (HF) RSD (HNO3) RSD (H2SiF6) 
IC [9] 1% 0.6% 0.8% 
NIRS [5] 2% 2% 4% 
Titration [2,10] 1.5 % 1% 1.1% 
 
 
Compared to the wafer based dosing mechanism, which disregards both, wafer size and 
concentrations, the process can be optimized as the chemical concentrations can be analyzed and 
controlled. A high impact concerning cost efficiency of the process is estimated if the feedback loop 
between concentration measurement and the dosing unit of the texturisation machine can be closed.  
 
2. Experimental Details 
2.1. NIR Spectroscopy 
Near-infrared (NIR) spectroscopy is a suitable method for concentration monitoring in acidic texturing 
baths. The method is based on the observation of overtone and combination vibration bands of water. The 
position as well as the shape of these bands is influenced by the temperature and by the presence and 
concentration of ionic species like HF, HNO3 and H2SiF6. A Partial Least Squares (PLS) model was built 
to determine the HF, HNO3 and H2SiF6 concentrations. This model was used to determine the 
composition of the acidic texturing bath twice a minute. The measurement accuracy of the model was 
estimated by cross validation. The standard error of validation was < 2 g/l for HF and HNO3 and 3.5 g/l 
for H2SiF6 [5].  
 
2.2. Ion chromatography (IC)  
In addition to the concentration measurement by NIR spectroscopy an inline ion chromatography 
system was used (Fig. 1). It served as a reference method as well as, in a second approach, a device for 
the concentration control. For inline measurement the sample was injected directly into the 
chromatography system from the tank of the texturisation bath.  
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Fig. 1: Scheme of the ion chromatography setup used for reference measurements (left) and a typical chromatogram of an acidic 
texturisation bath containing HF, HNO3 and H2SiF6 (right). Fluoride from HF and H2SiF6 as well as nitrate originating from HNO3 
are separated and detected by conductivity measurement. Due to the low acidity of silicic acid, resulting from the hydrolysis of 
H2SiF6, silicon cannot be detected by conductivity measurement. Therefore, a post column derivatisation is used, where silicic acid 
reacts with sodium molybdate, forming a yellow molybdosilicic acid which can be detected by UV/Vis at 410 nm. The calibration is 
done by standard solutions of defined volumes, covering the range of concentrations to be measured [5,11] 
2.3. Control algorithm 
The control algorithm for concentration monitoring and dosing was written in LabVIEW©, the 
communication to the FT-NIR-spectrometer takes place via OLE (Object Linking and Embedding) for 
process control (OPC). The dosing events were transferred to the programmable logic controller (PLC) of 
the process tool via an optocoupler interface card. A rising edge on the PLC triggers the dosing of a fixed 
volume of the selected chemistry. The PLC responds with a signal indicating that the dosing unit is busy. 
Furthermore, a mean value is computed, reducing the influence of background noise of the NIRS model. 
As solved Si forms acidic H2SiF6 which has an increasing influence on the etching rate, HF and HNO3 
setpoint values have to be adjusted. Therefore optimal setpoint concentrations are calculated in the 
algorithm using following equations already presented by Zimmer et. al. [7]: 
cHF,setpoint(cSi) = cHF,0 – cSi· kHF  (1) 
cHNO3,setpoint(cSi) = cHNO3,0 – cSi· kHNO3  (2) 
where kHF and kHNO3 are empirically fitted constants which represent the concentration decrease for both 
acids with an increasing silicon concentration keeping the etching rate constant. 
Another approach we are presenting in this paper was set up analogously using IC, where the 
calculation of the set point values as well as the comparison between measured and set point values were 
implemented into the chromatography software “Chromeleon”. Due to the longer measurement times and 
higher measurement accuracy an averaging of the data points is not implemented. The data gained from 
IC measurements is passed to the control program via TCP/IP protocol. The signals for the subsequent 
triggering of dosing steps are passed to the optocoupler card to achieve galvanic isolation. Dosing 
initiations are thereafter passed to the PLC of the plant if data points fall below set point values. A 
comparison between both control algorithms is shown in Fig. 2 below. 
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Fig. 2. Schematic comparison between the two versions of the control program discussed in this paper 
2.4. Device Setup 
For the control experiments we connected IC and NIRS to an inline acidic texturisation bath with an 
semi-industrial throughput of 500 wafers/h. The sensor of the NIRS is fitted to a bypass tube, transmitting 
the information online via an optical fiber to the device. All measurements by IC are taken inline directly 
from the receiving tank. This was realized by a membrane pump which circulates the etching solution 
through a bypass loop in an online vent. It is triggered over a TTL signal by the ion chromatographic 
software, thus switching and injecting a defined volume of 0.1 μl into the system. For the dosing 
initiation, the vents for HF or HNO3 are actuated to dose defined volumes (Fig.3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Overview of the device setup used for the experiments in this paper 
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3. Results 
3.1. Concentration Control by NIRS 
The used NIR-model was validated by ion chromatographic reference measurements, since IC was 
proven to be a longtime stable method. The developed dosing algorithm was applied to control the 
concentrations of HF and HNO3 in dependence of the etched amount of silicon over the course of one day 
of continuous processing (Fig. 4). The algorithm was able to stabilize the concentrations. The relative 
deviation of the optimal concentrations regarding the H2SiF6 concentration was less than 2% for HF and 
HNO3, leading to an overall etching rate deviation of only 1.1%. 
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Fig. 4. HF and HNO3 and Si concentration developments as well as the dosing initiations for inline processing of 736 mc-Si wafers 
with a total amount of 812 g silicon etched. Only the control program was used without additional wafer based dosing. The control 
was based on NIRS measurements. References were realized by ion-chromatography 
However a slight change in the offset was observed in a time period of one week (Fig. 5). Therefore, 
for a more precise and stable analysis of the bath composition either an optimization of the NIR-
components has to take place, or a different measuring instrument has to be chosen. 
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Fig. 5. Long-term stability of the NIR-analytical system (lines) compared to IC reference measurements (dots). The offset was 
fitted on the 22.07., so NIRS and IC data does not correspond anymore in the beginning of the observed timeframe 
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3.2. Concentration control by IC 
Due to positive experiences with ion-chromatography by means of long term stability, an analogue 
control approach for this device was developed. As one IC measurement takes at least 7.5 min, we 
decided to do without an averaging of data points. This is justifiable by the reproducibility in long term 
experiments as well as the much higher precision in comparison to the NIRS. We conducted another 
inline etching experiment with 1000 wafers. The control program was executed in addition to a wafer 
based dosing, while the wafer based dosing volumes per ten wafers were set to 20 % below the optimal 
amount. The gained concentration values as well as the calculated set point values in dependency of the 
silicon concentration and the initiated dosing steps of the controlling program are shown in Fig. 6 below. 
We used dosing volumes of 500 ml HNO3 and 1000 ml HF. The dosing volumes were doubled in 
comparison to the control with NIRS, which is explainable by the higher measurement time of the IC. 
  
Fig. 6. Adjustment of HF, HNO3 and Si concentration development as well as dosing steps based on an inline processing coupled to 
control algorithm and IC. The dosing volumes were set to 500 ml HNO3 and 1000 ml HF 
We achieved a relative derivation from the set point values of about 1.4 % for HF and 1 % for HNO3. 
4. Conclusion 
Usability of a regulation via NIRS could be proven over one process day. However, the long term 
stability of the used NIR model is still an issue, which leads still to the necessity of regular offset-
adjustments by use of reference measurements. This issue has to be solved prior to application in 
industrial process control. As regards the concentration control via IC, the timeframe for the adjustment 
of an incorrect concentration is higher than for the NIRS control, due to the longer measurement time. On 
the other hand no drift effects occur, as an continuous and automatically triggered internal calibration by 
standard samples is possible.  
 
Nevertheless, the deviation from set point concentrations could be further lowered if dosing volumes 
would be adjusted to the deviations after every measurement cycle e.g. through an additional analogue 
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signal to the PLC. Optimal dosing volumes have to be calculated in the program in correlation to the set 
point values and subsequently be transmitted to the PLC by way of a continuously variable signal.  
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